Loading profiles for present tests, plotted as stress vs. sound speed . Linde [1967] and Doran [1968] demonstrated the capability of these materials to generate a large pulse of current and voltage if poled, then abruptly depoled by shock loading. More recent studies [Mock and HoIt, 1979; Dick and Vorthman, 1978; Lysne, , 1977 Lysne and Bartel, 1975] have provided considerable experimental and theoretical detail for electromechanical phenomena present in the shock loading of these materials. Most of the recent attention has been given to PZT materials, especially PZT 95/5 (fi.Ti ratio of 95:5) [Lysne and Percival, 1975; Dick and Vorthman, 1978, Chhabildas, 1984; Chhabildas et al., 1986] . In this particular material, the ferroelectrichntiferroelectric (FE/APE) boundary is quite close to the room temperature/pressure state, as shown in Figure 1 ; this attribute facilitates depoling by relatively small amplitude stress waves. Fritz and Keck [1978] . (Right) Temperature composition phase diagram of PZT, adapted from Spears [1978] .
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For unpoled samples, shockwave properties of interest include phase transition kinetics (between the ferroelectric and antiferroelectric phases), pore crushing, and Hugoniot states. Doran [1968] , in a study of PZT of initial density 7.67-7.89 gm/cm3 utilizing explosively-generated waves, noticed two cusps in the Hugoniot. He attributed a pronounced cusp at 4 GPa to yielding, and a weaker cusp at 0.2 GPa to the FWAFE transition. The starting material was nearly full-density in these experiments. By contrast, a later transmitted-wave study by Chhabildas [1984] with porous PZT 95/5 (density 7.3 gm/cm3) showed a strong wave separation at 2.8 GPa and a very weak wave separation at 0.2-0.5 GPa. The 2.8 GPa break probably comesponded to the onset of pore crushing, and the 0.2 -0.5 GPa break, to the FWAF.E transition.
Shock recovery experiments [Chhabildas et al., 1986] show reversibility of the FE/AFE transition and clarify the role of pore crushing in porous PZT 95/5. These results appear to corroborate the conclusions reached in the wave profde measurements.
Quasi-static compression studies of this material suggest that the FE/AFE transition may be influenced by resolved shear stress in addition to pressure and temperature (see Figure  2 ), causing the transition under shock loading to occur over a range of stresses rather thañ =90°; i.e. The present study, driven by increasingly stringent model certification requirements, is intended as a set of experiments in both poled and unpoled regimes on comparable samples of PZT 95/5 (see next section for physical properties). This material has been subject to a uniaxial strain environment by planar impact loading. Stresses applied ranged from 0.5 to 5 GPa, with several impact configurations utilized to provide loading, release and span properties.
The present report describes experiments performed on samples that initially contain randomly oriented ferroelectric domains; i.e. unpoled samples. These are compared with the mechanical response of electrically poled samples, where the poling is either normal to the direction of shock propagation (normally poled) or.parallel to it (axially poled), and several electrical circuits are employed to vary electrical fields present during shock depoling. The experiments on poled samples are discussed in more detail in separate reports. Introduction
Sample Descriptions and Physical Properties
The samples employed were lead zirconate titanate with a Zr:Ti ratio of 95:5 (PZT 95/5). The initial porosity is estimated as 9% based on X-ray measurements [Chhabildas et al., 3 Grain size is estimated as less than 1986] which place the grain density as 8.028 grdcm . 50 microns. Pores are approximately spherical with typical diameters of 100 microns. These pores, generated during sintering by sacrificial polyethylene pore formers, are occasionally observed to agglomerate into highly porous regions or single pores up to 500 microns in diameter.
Ultrasonic (transducer) measurements were performed on all samples. The results are summarized in Table 2 .1.
These samples are very similar to those employed in the Chhabildas [1984] study, although not identical. Since the present study does not include pressure/shear loading, in contrast with the Chhabildas [1984] study, the earlier study presents useful complimentary data. 
Experiments
The general design of the experiments is shown in Figure 3 .1. A compressed gas gun (2.0" bore) is used to accelerate a projectile tipped with fused silica or sapphire to velocities of 0.1 to 0.7 krnh. This projectile then impacts a sample of PZT 95/5 backed by a window of fised silica or Z-cut sapphire. A VISAR interferometer is used to monitor the velocity history of the window surface adjacent to the PZT sample (note the intervening PVDF gauge@ tests 2677 and 2690). PVDF gauges provide time-of-arrival information for most shots. Specific experiment parameters are summarized in Table 3 .1).
. PVDF gauges were used to monitor the impact face of the PZT for all tests in this series except for 2680 and 2682, which were span experiments. As well, they were used to monitor the sample/window intetiace for tests 2677 and 2690. All of these gauges (approx. 40 microns thick) were separated from the PZT samples by 40 microns of Teflon" to reduce local effects of shock heterogeneities. The wave propagation time across these PVDF/Teflon combinations was estimated as 25 ns.
Due to local electrical interference from the PZT, the quantitative pressure data from the PVDF gauges was not reliable and the gauges were used as time-of-arrival indications only.
The VISAR instrumentation used included two different sensitivities for each shot (dual delay method); velocity-per-fringe sensitivities for free surfaces were 0.15127 Ian/s for a leg using glass etalon elements to provide the delay, and 0.03724 MS for a leg using a telescope system (air or lens delay). In all cases the data from the air delay leg were used for the final velocity profile after comparison with the data from the etalon delay leg as a check for missed fringe jumps.
Results -Velocitv Profiles
The first three tests were conducted with fused silica impactors and windows to provide loading/release properties. Velocity profdes are shown in The velocity profiles shown in Figures 3.2,3 .4 and 3.5 were timed utilizing the PVDF gauge data, and corrected by subtracting out the transit time through the gauges and Teflon layers. The profiles shown in Figure 3 .3 (no PVDF gauges) were timed by assuming that the toe (f~st motion) propagated at the average longitudinal sound speed cl = 4.163 Ms. Generally the timing determined using the PVDF signal was within 10 ns of the timing determined using toe arrival for shots where PVDF data were acquired.
These profiles may be compared with the analogous profiles from Chhabildas [1984] . The appropriate wave profiles are juxtaposed in Figure 3 .6 (fhsed silica windows) and 3.7 (sapphire windows). For ease of comparison transit times are normalized for 1 mm thick samples.
The loading portions of the profiles appear very similar, although FER5 and FER6 release much sooner than do 2677-2679 due to relatively thinner flyer plates (e.g. 1 mm fused silica flyer plate and 2 mm sample on FER5 versus 3 rnm fused silica flyer plate and 2 mm sample on 2678 and 2679).
ExperimentsL. Figure 3.6. Wave profiles for unpoled samples with fused silica windows, from the present data set as well as from Chhabildas (1984) . Times normalized to sample thickness of 1 mm for ready juxtaposition. Figure 3.7. Wave profiles for unpoled samples with sapphire windows, from the present data set as well as from Chhabildas (1984) . Times normalized to sample thickness of 1 mm for ready juxtaposition.
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Results -Lu~ran~ian'Analvsis and Im~edance Match:
The wave profdes for experiments with windows (sapphire or fused silica) were analyzed by a Lagrangian calculation utilizing the input and output wave profilesfor the sample. The incremental form of the release is calculated using do = pOCduand A = du/C, where C is the Lagrangian wave velocity for the corresponding particle velocity incrementldecrement du at particle velocity u. Here, the input wave profile is taken as a 10 ns wide ramp at a time determined by the PVDF gauges. The output waveform is that measured by VISAR. The loading profdes, analyzed in this way and plotted in stress vs. sound speed space, are shown in Figure 3 .8. General features observed are as follows. A ramp loading beginning with the toe loads to a stress of approximately 0.4 GPa, followed by a sharp loading to 2.2 GPa propagating at about 3.7 Icm/s. Further loading is effected by a much more slowly propagating (2 -2.5 km/s), dispersed wave. This is relatively independent of window material, although the tests with fused silica windows do not show the 2.2 GPa breakoff as cleanly as do the sapphire window tests. Physically, the difference may be due to the impedance mismatch. Fused silica has a substantially lower shock impedance than does the PZT, and sends a release back into the PZT beginning with the toe arrival. By contrast, the sapphire windows have a higher impedance than the PZT, so send a reshock back into the sample.
Experiments 14
The loading profdes represented in strain vs. wave speed space are shown in Figure 3 .9. The strain associated with the FE/AFE transition is quite small, about 0.005 or less. Following an elastic loading to a strain of 0.02, the slower dispersive final loading wave produces strains of order 0.06-0.10. This is consistent with a crushup phenomenon.
["'''''''''''''""i The release paths may also be calculated with an explicit Lagrangian calculation, with the caveat that the forward-propagating release wave is propagating through some amount of sample which has been either partially released (fused silica windows of free surface) or reshocked (sapphire windows). The results are shown in Fi=we 3.10, and discussed further below.
Figure 3.10 also shows Hugoniot points and inflection points (onset of crushup or of FE./AFE transition). The Hugoniot points were calculated by the explicit Lagrangian method, while cusp points (peak stress levels and "kinks" points) were calculated by standard impedauce match methods. Since the impedance match methods require the assumption of steady wave propagation, these may not be used for final loading states at stresses above -2.2 GPa (the crushup wave does not appear to be a steady wave). On the other hand, the cusp points may be calculated readily in this manner, and the results generally fall on the trajectories calculated by the explicit Lagrangian method in stress/strain space. Table 3 .2 shows the cusp and Hugoniot points thus calculated.
For reference, analogous points and paths for poled experiments are included in Figure  3 .10 and Table 3 .2 as well as the points for the unpoled experiments and for the experiments described by Chhabildas [1984] . Note that the unpoled experiments appear to be less stiff than the normally poled experiments at low stresses, and comparable to the axially poled experiments. Releases me calculated using two alternative assumptions for the time at which the release entered the sample. The first is based on known stress/strain properties of sapphire and fused silica (the impactor material), while the second is based on the release arrival shown in the PVDF gauge records (which generally indicated an arrival -20 ns later than the frost method). Both results are shown in Figure 3 .10 where available. 
0.069
Only six tests were available for release path calculation; the other four either included flyer plates that were so thick that edge effects obscured release waves (2677 and 2719) or did not exhibit release waves at all (the span experiments, 2680 and 2682). Of those that were available, those with sapphire windows exhibited qualitatively different release paths (straight-line in this space) than did the tests with fused silica windows (which showed a distinct change in release slope at lower pressures). This difference, as mentioned above, probably is due to the tendency of the sapphire windows to reshock the sample while the fbsed silica windows partially release the sample (producing a region of the sample "contaminated" by a different stress regime than the bulk of the sample). The Hugoniot points alone for various PZT 95/5 experiments are shown in Figure 3 .11. The break in slope at 2.2.-2.5 GPa is the most obvious feature of these plots. There does not appear to be a systematic difference between the Hugoniot of the unpoled PZT 95/5 and the poled (30 pC/cm2) samples.
Experiments
The FE/AFE transition is not reflected well in the Hugoniots. However, it has an observable effect on the wave profiles, as shown in Figure 3 .12. The suggestion is that the FE/AFE transition occurs in the unpoled material, is enhanced in the axially poled material (20 mh break), and is suppressed in the normally poled material. This is also consistent with the dependence of the FWAFE transition pressure on poling inferred from static experiments (Figure 1.2) , wherein the axially poled samples undergo the transition at lower mean stress (pressure) than do the normally poled samples (200 MPa vs. 300 MPa). 
Results -S~all Strength:
The wave profde for Test 2682 (Figure 3 .3) shows a classic pullback signature of a ftite span strength. Recall that this test was conducted without a window, and with a foam behind the fused silica flyer, to promote spa.11.
Per Romonachencko and Stepanov [1980] , the span strength maybe estimated as S = Sm + AS, where:
Here, S~is the estimate of the tensile wave strength at the free surface and AS is the magnitude of the stress attenuation in the tensile wave as it traverses a distance h from the span plane to the free surface. For this problem, the initial density is p. = 7.3 gm/cm3; the longitudinal and bulk sound velocities are, respectively, c1= 4.163 krnls and cb = 3.919 kd;
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and the observed pullback amplitude is uP~= 0.010 lds (representing a stress drop of 0.14 * 0.01 GPa). This stress drop occurs over a time of 0.16 ps, giving dp/dt = 0.9 GPa/ps. Finally, the distance h from the span plane to the free surface maybe calculated using a wave speed of 4 Ian/s and a rarefaction input time for the sample from the iised silica of 1.17 VS;the result if 2.33 mm. Incidentally, these values give a pullback arrival time at the surface of 2.16 VS,which is comparable to the observed value of -2.1 W.
This yields SM= 0.152 GPa and AS= 0.016 GPa, giving a span stren=ti is 0.17 GPa.
Experiments 20
Summary
Lead zirconate titanate (PZT) with a Zr:Ti ratio of 95:5 (PZT 95/5), is initially in the ferroelectric phase. It is of interest in pulsed-power applications because it is very close to the FE/AFE transition, which corresponds to a point of shock depoling. Hence shock waves of moderate amplitude in poled PZT 95/5 are able to produce short-term pulses of high voltage a.dor current.
In the present study, 10 impact tests were conducted on unpoled PZT 95/5, with 9% porosity and 2 at% Nb doping. These tests were instrumented to obtain time-resolved loading, unloading and span signatures. As well, PVDF gauges allowed shock timing to be established explicitly.
Several common features were observed in the time-resolved wave profdes. An initial ramp loading to approximately 0.4 GPa may correspond to the FE/AFE phase transition. Related experiments conducted on poled samples in the present study show different signatures for this transition (i.e. a sharp step structure for axially poled samples, and an immediate rise without evidence of a dispersive phenomenon for normally poled samples). The implication is that the FE/AFE transition occurs under lower stress conditions in the unpoIed samples than in either normally poled or axially poled samples. Similarly, based on release wave signatures, the back tmmsformation appears to progress more rapidly in unpoled samples than in either normally poled or axially poled samples.
A clear wave separation at 2.2 GPa followed by a highly dispersive wave may correspond to the onset of plastic deformation including a large component of pore crushing. The end states, which are consistent with data from earlier studies and from related experiments conducted on poled samples in the present study, also appear to reflect crushup. This is based on the strains consistent with crushup as well as on the sample release paths which suggest a large permanent strain.
A span strength value of 0.17 GPa is measured for a shock stress of 0.5 GPw this decreases to a very small value for a shock strength of 1.85 GPa. 21 summary
